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Irradiation with ultraviolet (UV) B radiation results in 
the formation of apoptotic keratinocytes called sun-
burn cells. Recently, it was demonstrated that kera-
tinocytes can release tumor necrosis factor-a (TNF-
a), which is known to cause apoptosis in particular 
cells. In addition, it has been shown that UVB light 
induces the release of TNF-O' by keratinocytes and 
that keratinocytes express the 55-kD receptor for 
TNF-O'. Therefore, we investigated whether TNF-O' is 
involved in UV-induced apoptosis of keratinocytes. 
Normal human keratinocytes and HaCaT cells were 
exposed to UVB light, and apoptosis was examined by 
nick translation evaluated by fluorescence-activated 
cell sorter analysis. UVB induced apoptosis in a dose-
dependent manner, which was confirmed by electron 
microscopy. Addition of a polyclonal antibody di-
rected against human TNF-O' immediately after UVB 
exposure was able to reduce DNA fragmentation. 
However, it was not possible to rescue all cells from 
T WO distin ct forms of cell death have been recognjzed: necrosis and apoptosis. Necrosis, which once was thought to be the universa l mode of cell death, is the consequence of major insults to the cellular environ-ment. In contrast, apoptosis occurs under physiologi c 
condition s when death is programmed [1, 2]. Apoptosis is an active 
suicide program, given that protein synthesis and activation of 
kjnases seem to be necessa ry 13]. M oreover , apoptosis is a response 
to less pathologic or su blethal stimuli, which often by themselves 
wou ld not ca use cell death . Ultraviol e t (UV) light is one of the 
most important environmental influences. Besides its well-known 
advantages and indispensabl e effects on human life, UV light and in 
particular UVB (290-320 nm) can be a hazard to human hea lth by 
indu cing cancer, immunosuppression , premature skin aging, in-
flammation, and cell death. A consequence of acute UVB exposure 
is the occurrence of sunburn cells within the epidermis [4,5] . 
Merely by applying morphologic criteria, in vestigators have long 
appreciated these cells as keratinocytes undergoing apoptosis. Re-
cently, by using more advanced techniques such as DNA ladder 
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apoptosis. To prove whether TNF-O' is also involved 
itt vivo in UVB-induced apoptosis of keratinocytes, 
Balb/c mice were exposed to UVB on their abdomens, 
skin biopsies were performed 24 h later, and sunburn 
cells were counted. A single dose of 2000 11m2 caused 
a significant induction of sunburn cells. Subcutane-
ous injection of a polyclonal antibody directed 
against murine TNF-O' immediately after UVB treat-
ment resulted in a significant but incomplete reduc-
tion of sunburn cells, whereas injection of a rabbit 
IgG as a control had no effect. In both the it! vitro and 
itt vivo systems, application of recombinant TNF-O' 
alone either to untreated keratinocytes or into nor-
mal murine skin did not induce sunblJrn cells. Thus, 
these data demonstrate that TNF-a is involved in 
UVB-induced apoptosis, but by itself is not able to 
induce sunburn cells. This further supports the no-
tion that UVB-induced apoptosis ofkeratinocytes is a 
multifactorial event. J Invest Del'"mato[ 104:922-927, 1995 
demonstration and nick trans lation, worke rs confirmed that UVB 
light induces apoptos is in keratinocytes and in HL 60 cells [6,7). 
However, the particular mechanisms that activate the apoptosis 
program in keratinocytes upon UV irradiation 'remain poorly 
defined [6]. 
Tumor necrosis factor-a (TNF-a) was first described as a 
cytotoxic factor that preferentialJy kills growlng tumor cell s [8]. 
Recently, it was also recognized as an important mediator of 
il11l11uni ty and inflammation [9] . Keratinocytes also exhibit the 
capacity to releasc TNF-a, and secretion of this cytokine ca n be 
indu ced by UVB light [10]. Moreove r, it was found that keratino-
cytes express the p55 receptor for TNF-a [11]. B eca use T N F- a has 
been shown to initiate apoptotic cell death and DNA fj'agmentation 
in several mammalian cell lines [1 2-18], we were interested in 
studying whether TNF-a plays a ro le in UVB-induced apoptosis of 
keratinocytes. This study demon strates both ;11 lI;fro and ;11 '/ ;110 that 
formation of sunburn cells after UVB irradiation can be partially 
inhibited by T NF-a antibodies, which suggests that TNF-a is 
involved in UVB-induced apoptosis of keratinocytes. 
MATERIALS AND METHODS 
CclJ Culture and Irradiation Human keratinocytes were obtained from 
neonatal foreskins as dcscribcd previously [19] and cultured in Keratinocyte 
Growth Medium (KGM; C lonetics Corp., San Diego. CAl. T he spontanc-
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ously transfonned human keratinocyte ce ll line HaC aT was kindly provided 
by Dr. Fusenig (DKFZ. Heidelberg, Germany) [20] . UVB irradiation was 
performed as described [10). Briefly, ce ll s were seeded in KGM (norl11al 
human keratinocytes) o r in Dulbecco's modified Eagle's 11led iu11l supple-
mented with 5'X, fetal bovine serum (HaCaT) in tissue culture dishes at a 
d ensity of 2 X 10' / ml and grown until subconfluency. Immediately before 
UVB irradiation, ce ll s were washed twice with prewarmed phosphate-
buffered saline (PBS) and exposed to UVB in the presence of PBS. For UVB 
irradiation , we used a bank of 4 FS20 bulbs (Westinghouse Electric Cot'p .. 
Pittsburgh, PAl, whjch emit most of their energy within the UVB range 
(290-320 nm) with an emission peak at 313 nm. The output measu red at 
310 nm using an IL- 1700 research radiometer (Inte rnational Light, New-
port, MA) was 8.0 W 1m 2 at a tube-to-target distance of28 cm. Immediately 
after UV treatment, PBS was replaced by the respective medium (10 ml per 
petri d ish) and the cells were cultured for a furthe r 16 h. Contro l ceUs were 
s ubj ected to the identical procedure without UV exposure. 
Reagents For the ;" ,,;Im experiments, we used a polydonal rabbit 
antibody (lgG fra ction) directed against human TNF-a (Endogen , Boston, 
MA) . A rabbit IgG fraction (Dianova. Hamburg, Germany) served as a 
contro l. For induction of cell necrosis, nigel'icine (Sigma) was used at a final 
c oncentra tion of 100 fLM. T he animal studies used a polyclonal rabbit 
antibody (lgG fraction) directed against murine TNF-a (Endogen). As a 
c ontrol, a rabbit IgG fra ction (Endogen) was injected. 
Nick Labeling of Apoptotic DNA Nick labeling of apoptoti c DNA in 
ce ll s was perfonned as descl;bed [21] with modifi cations . Briefl y, 2 X 10" 
cell s per sample were spun at 1200 rpm fo r 1 0 min, and pelle ts were gentl y 
resuspended in 250 fLI PBS containing 0 .1 % sodium acide and 2% fom13 l-
dehyde. After further incubation fo r 30 min on icc. pe llets were spun down 
and resuspended in PBS and co ld ethanol. T hereafter. the cell s were washed 
twice with nick buffer (50 mM Tris/ HC I. pH 7 .8. 5 mM MgClo, 100 111M 
!3-mercaptoethanol. 10 fLg/ml bovine se rum albumin). Ten microli ters of 
ce ll suspension was incubated with 'I sall1p le volume of Master Mix for 90 
min at 15°C. Master Mix consi sted of dATI'. dCTP. and dGTP (0.2 111M. 
1.3 fLI each; Perkin Elmer. Norwalk. CT). 1.6 fLI nick b\lffer. 0.3 fL I l-I1IM 
biotinylated ll-dUTp (Sigma). and t U Polymerase I (Promega. Madison. 
WI). Cells were washed with PBS supplemented with 0. 1% Triton X- l 00 
to block the polymera se. T he peUet was resuspended in 40 fLI 4 X sodium 
citratelsod ium chloride, 5% non-fat dry milk. 0. 1 ";., Triton X-IOO, and 2.5 
fLg/ ml Avidin-fluorescein isothiocyanatc (Vector. Burlingall1e, CAl. After 
incubation for 30 min in the dark. cell s were washed twice with PBS. 
suspended in PBS. and subjected to fluore scence-activated cell sorter 
(FA C S) analysi s (FA C Scan; Becton Dickinson or EPI C S. Coulte r). 
Electron Microscopy Immediately after irradiation, the ce ll s were 
washed twice with PBS. dehydrated in ethanol, fixed in g lu tara ldehyde and 
osmium tetroxide, and embedded in epon . Ultratlun sectiollS were CO un-
terstained with lead citrate and uranyl acetate and examined in a Phi.\jps 
E4 10 electron microscope. 
III "ivo UVB Irradiation of Mice Female Balblc mice. 10-1 2 weeks o ld 
(obtained fro m the Versuchstierzuchtansta lt Hannover. German y), were 
shaved 0 11 their abdomens using an e lectric clipper. UVB irradiation was 
performed with FS 20 lamps. T he shaved skin areas were irradiated with 
2000 J / m 2 given as a single exposure. Negative control mice were treated 
in an identical way, but only sham irradiated. Each group consisted of at 
least four anima ls. Twenty- four hours later. one biopsy sample each was 
taken from the irradiated and control areas , fixed in buffe red forma ldehyde. 
embedded in paraAin . sectioned (5 fLln) , aJld stained with hematoxylin and 
eosin . T he numbers of sunburn ceUs, defin ed as apoptotic cell s witlun the 
epide rmis yielding a shrunken eosino philic cytoplasm and a condensed 
nucleus. were counted thro ughout the epidermis of two sccLiollS per sample 
usin g a 1 X l -cm grid inserted in a conven tional microscope equipped witl\ 
a lO X ocular lens and a 40 X objective lens . Sunburn cell s were counted pCI' 
millime ter length of the epidermis. For each sample. at least five fi elds were 
eva luated and tlt e mean va lue of the sunburn cell s obtained. Immediate ly 
after irradiation into the UVB-exposed area. 100 fLg of a polyclonal rabbit 
T NF-a antibody was injected subcutaneo usly. Injection of the same 
amounts of antibody into unirradiated skin did not induce any epidermal 
changes. As a contro l. 100 fLg of a rnbbit IgG (Endogen) was injected 
subcutaneo usly in to UVU-exposed skin. 
RESULTS 
UVB Induces Apoptosis in Keratinocytes HaCaT cell mono-
laye rs were irradiated with uvn to induc e apoptotic death . Apop-
tosis was examin e d b y nick trallSlation and evaluated by FACS 
ana lysis. To test the sen sitivity of this m ethod, in the first approach 
J\.\.\ 
t.,-UVB 
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Figure 1. UVB irradiation of HaCaT cells induces apoptosis . Cell s 
were ruck end labeled. a.nd nicked DNA was visualized by FACS analysis. 
CeUs were left untreated (Co) or irradiated w ith 20 jlm 2 (a) or 50 J/ m 2 (b). 
cultured for 16 h , end labe led . and subjected to FACS an alysis. Unirradiatcd 
cell s were incubated in the presence of njgeri cinc (Nig; 100 fLM) and end 
labeled 16 h later (c). Histograms sho w fluorescence intensity (x axis) versus 
cell nllmber (y axis). 
we used low UVB doses and p e rform e d e nd lab e lin g 16 h later. 
Application of 20 and 50 J / m 2 , respectively. resulted in a slight 
dose-de pend ent increase in fluorescen ce activity, su ggestin g t h at 
particula r cell s unde rwe nt apoptosis (Fig 1). As a n egative contro l , 
w e u sed b oth Uvn-e xposed and uni rradiated cells in which e ithe r 
th e polymerase I or the biotinylate d l1-dUT P was omitted. T h e 
FACS profi les of the se cell s appear e d identical to those of regu la rly 
labeled un irradiated cells (data not sh own) . To diffe re n tiate be-
tween apoptosis and n ecrosis , we used nigericine. a polyeth er iono-
phore that disrupts m embrane potential. Addition o f nigericine at a 
con centration of 100 J.LM to HaCaT cells results in re m arkable 
n ecrosis, as ch ecked by trypan blue exclusion (data not shown). When 
HaCaT cell s were treated with 100 J.LM 1l.igericin e instead ofUvn. no 
fluorescen ce shifi: was obsel'ved, indica ting that tlus m eth o d detects 
apoptosis in a specific way. In addition , OCCUI,.ellce of apoptosis was 
con finned by e lectron microscopy. Whereas sham-inadiated HaCaT 
cell s were in good condition (Fig 2a), cells exposed to UVB (250 
J / m 2) showed marginal condensation of chromatin, fi'agmentation of 
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the nucleus, and intraceUular vacuolization; cel.lular membranes and 
organeUes remained intact (Fig 2b). 
Reduction of UVB-Induced Apoptosis by Application of 
TNF-a Antibodies To test w hether TNF- a is involved in the 
UVB-induced apoptotic process, HaCaT cells were exposed to 250 
Jlm 2 UVB. T his resulted in remarkable apoptosis, demonstrated by 
an increase in cell fluorescence (Fig 3a) . Application of a rabbit 
polyclonal antibody directed against human TNF-a immediately 
after UV13 irradiation caused a decrease in fluorescence activity, 
indicating reduced apoptosis (Fig 3"). In contrast, addition of a 
control antibody had no effe ct (Fig 3c) . T hese data suggest that 
neutralization of TNF-a can partially rescue cells from UVB-
induced cell death. T he less antibody we applied, the fewer cells 
were protected (Fig 4) . However, even by applying high er doses of 
TNF-a antibodies, beyond 100 /LillO ml, we were not ab le to 
rescue all ce lls from apoptosis (data not shown) . 
HaCaT ce l.l s be have in many respects like normal human kera-
tinocytes and thus are used frequently to study keratinocyte biol-
ogy; however, the two are not absolutely comparable. Therefore, 
lon g-term cultured normal human keratinocytes were exposed to 
UVB light after the fifth passage and then immediately treated with 
TNF-a antibodies. As observed with Ha C aT ce l.l s, norma l human 
keratinocytes underwent apoptosis upon expos ure to 250 J/ m2 
VVB light, which could be partially prevented by addition of the 
T NF-a antibody immediate ly after UVB irradi ation (Fig 5). How-
e ver, normal human keratinocytes appea red to be better protected 
by the add ition of TNF-a antibody than were HaCaT cells. 
T here fore , both keratinocytes and HaCaT ce lls were exposed to 
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Figure 2. Ultrastructure of irradiated cells. a, Sham-irradiated HaCaT 
ce ll s present with normal ultrastructure . Nucle us with dispersed chromatin 
(N) is ev ident, as is preserved o rganization of fine keratin fi laments and 
organellcs in the cytop lasm. Bar, 2.5 J,Lm. b. VVll (250 J / m 2)-irradiated cell s 
show marginal condensation of the chroma tin , nuclear fragmentatio n (an'o lll), 
and cytoplasmic vacuo lization. T he plasma mcmbrane is intact (ano"'hcad). 
Bar. 2.5 J,Lm. 
UVB light (250 Jlm 2 ), and TNF-a levels were measured in 
supernatallts 16 h later. Normal human keratinocytes appeared to 
be stronger in their capacity to release T NF-a (SO .3 ::!:: 2.7 pg/ml) 
upon UVB exposure as compared with H"CaT cells (21.6 ::!:: 5.9 
pg/ml). 
Reduction of III Vivo Formation of Sunburn Cells by Injec-
tion of TNF-a Antibodies To answer whether TNF-a is also 
involved ;1/. ";110 in UV13-induced apoptosis, Balb/c mice were 
irradiated with 2000 Jlm 2 UVB given as a single dose on the shaved 
abdomen . Immediately after UVB treatment, a polyclonal rabbit 
antibody directed against murin e TNF-a was injected subcutane-
ous ly into the center of the UVB-cx posed area. Biopsies were 
performed 24 h later and the number of sunburn cells was counted. 
A single exposure of 2000 J/ m2 induced numerous sunburn cells , 
which were defined as shrunken cell s within the epidermis exhib-
itin g an eosinophi lic cytop]asm and a condcnsed nucleus. Injection 
of a rabbit-derived polyclonal antibody directed against murine 
recombinant TNF-a (100 /Lg) resulted in a significant reduction of 
sunburn cells , whereas administra tion of control IgG had no efFect 
on the formation of sunburn cells (Fig 6). When the antibody was 
preiJl cubated before injection w ith equivalcnt amounts of recom-
binant murinc TN F-a, formation of sunburn cells was not changed. 
However, as in the ;11 lI;tro data, we were not ab le to reduce sunburn 
ccll formation completely even by injecting higher doses of the 
TNF-a antibodies (data not shown) . Moreover, by injecti ng re-
combinant TNF-a, we cou ld not obtain morphologic chan ges of 
keratinocytes similar to those with UVB light (data not shown) . 
Thus, these data suggest that TNF-a is invo lvcd in the form ation of 
















Figure 3 . Reduction of UVB- induced apoptosis by TNF-a anti-
body. HaCaT cell s were left un treated (Co) or irradiated with 250 J / m 2 
UVB (a). Immediately after UVB exposure, T N F-a antibody (TNF-Ab) (iI) 
or an isotype control (c) was added. At 16 h after treatment. cells were end 
labeled and subjected to FACS ana lysis. H istograms show Auorescence 
intensity (x axis) versus cell number (y axis). 
sunburn cells, but by itself is not sufficient to induce apoptosis in 
keratinocytes. 
DISCUSSION 
T he m ost characteristic histologic change of acutely UVB-damaged 
skin is the appearance of sunburn cells [4,5,22]. T he mechanisms 
involved in the generation of sunburn cells rem ain it) defined . It has 
been suggested that increased rupture of lysosomes [23 ], decreased 
DNA repair [24], and reactive oA}'gen intermediates may be 
important [25-27]. Althoughjust by applying m orpho logic cri teria, 
investigators ha ve long known that sunburn cells are apop totic 
cells, functional evidence fo r UV-induced apoptos is has been 
obtained only recently based 0 11 the characteristic ladder pattern of 
fragmented DNA [6,7] . O ccurrence of apoptosis in keratinocytes 
was also o bserved by nick end labeling and visualization of nicked 
DNA i/l sir" [7]. None of the studies revealing a new pathway 
involved in the formati on of suuburn cells were able to reduce 
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Figure 4. Reduction of UVB-induced apoptosis by TNF- a anti-
body . HaCnT cell s were left untreated (Co) or irradiated with 250 J / m" 
UVB (n). Immediately after UVB exposure, 5 f-LI (iI) , 15 f-LI (c), or 30 f-LI (d) 
TNF-a antibody (TNF-Ab) was added. At 16 h after treatment, cells were 
end labeled and subjected to FACS analysis. Histograms show Auoresccncc 
in tensity (x axis) versus cell number (y axis). Mean Auorcscence intensity: 
Co. 1.6; UVB , 17.4; 5 f-LI, 13 .4: t 5 f-LI. 12.2: 30 f-LI. 9.6. 
sunburn cell formation completely, which suggests that this is a 
l11ulti factol;a l event. TNF-cr is a cytok.ine that was first described 
accordi.ng to its ability to kill preferentially growing tumor cells 
[28]. T here is good evidence that TNF-cr is able to induce apoptosis 
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Figure 5. UVB-induced apoptosis in normal human keratinocytes. 
Nomlal human keralinocytes were left untreated (Co) or irradiated with 
250 J / m2 VYB. Immedia tely after UVB exposure, TNF-a antibody (TNF-
Ab) was added (20 ILl). At 16 h after treatment, ceLl s were end labeled and 
subjected to FACS analysis. Histograms show Auorescence intensity (x axis) 
versus ce ll number (y ax is). Mean fluorescence intensity: Co, 19.2; UVB, 
128.5; UVB plus T NF-a antibody, 34.5. 
of certain cells [1'2-18,28,29]. Bearing in mind the observations that 
TNF-a can induce apoptosis, that the release of TNF-a by 
keratinocytes is induced by UV light, and that keratinocytes express 
receptors for TNF-a, w e postulated that TNF-a might be involved 
in the generation of sunburn cells. 
The present study demonstrates that ill Ililro irradiation of normal 
human keratinocytes and HaCaT cell s induces apoptosis and that 
DNA fragmentation can be reduced by the addition of TNF-a 
antibodies to the culture immediately after UV treatment. Apop-
tosis was determined by nick translation evaluated by FACS 
SC/mm 
12 




















Figure 6. 1" villo reduction of sunburn cells by TNF-a antibody. 
Balb/c mice were irradiated with UVI3 (2000 J/ m 2 ) on the shaved 
abdomen . Immediately thereafter, TNF-a antibody (TNF-Ab) was injected 
into the UVU-cxposcd skin arca. As controls, rabbi t IgG and TNF-a 
antibody prcincubated with recombinant TNF-O' (TNF), respeclively, were 
injected into UVI3-exposed skin . l3iopsies were takcn 24 h la ter and sunburn 
cells (SC) were countcd per 111m length of epidermis (mean ::':: SD) . In 
sham-irradia ted skin , no sunburn cells were found. Data show one repre-
sentative of three experiments. *p < 0.05 (Student t test). 
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analysis, with slight modifications as reported [30]. In our hands, 
this seems to be the most sensitive m ethod to detect apoptosis. 
Because of tlus sensitivity, we applied rather low doses of UVB 
(20 - 250 J/m 2 ) and were able to find DNA fragmentation even 
after a single dose of20 J/m2 • Doses above 300 J/m 2 were not used 
in this ;11 IIilro study beca use we know from prev ious work that such 
doses can start to induce necrosis in some cells (unpublished 
obser-vation). This bimodal response is not specific for UVB; 
apoptosis can be induced by low concentrations of several toxins 
(H z0 2 , ethanol, chemotherapeutic agents) [31], which at lugher 
concentrations cause necrosis. Mildly injurious, sublethal stimuli 
may therefore cause the cell to trigger its endogenously pro-
grammed cell-suicide mechanism before it loses its control. We 
initially determined apoptosis by checking for the DNA ladder 
pattern in gel electrophoresis and could detect DNA fragmentation 
in UVB-exposed keratinocytes (data not shown). However, using 
this system we w ere unable to estimate whether there is a reduction 
in DNA fi'agmentation after application of TNF-a antibodies. 
Because we anticipated that only a minority of ceLIs would be 
protected by TNF-a neutralization, we used the more sensitive 
n ick labeling method. W ith this teclmique, we could show that 
TNF-a antibodies can redu ce DNA fragmentation . However, even 
by adding higher doses of antibody, we could not increase the 
number of protected cells beyond a certain level. The failure to 
prevent apoptosis e ntirely with TNF-a antibodies suggests that 
TNF-a contributes to the formation of sunburn cells, but it does 
not seem to be the only mechanism involved. Consequently, it was 
not surpri sing to observe that the mere addition of recombinant 
human T NF-a to the culture fai led to induce apoptosis in normal 
keratinocytes (data not shown) . 
To test whether TNF-a also might be involved in the formation 
of sunburn cells ;11 11;110, we exposed Ba lblc mice to UVB light 
(2000 J/m 2 ) at their shaved abdomens. In our hands, tlus dose 
induces a significant number of sunburn celJs but does not ca use 
necrosis. Subcutaneous injection of a polyclona l TNF-a antibody 
resulted in a significant reduction of sunburn cel.ls, whereas rabbit 
19G had no e ffe ct on th e number of sunburn celJs. Compared with 
the ;11 11;1,.0 data, again we observed only a reduction in the number 
of sunbunl cells , and it was infeasible to overcome sunburn cell 
formation completely even by in creasing the antibody doses. 
Accordingly, just the iruection of recombinant TNF-a fai led to 
induce sunburn cell formation ;11 ";"0 (data not shown). Therefore , 
T NF-a is not the only factor involved in the formation of sunburn 
cell s. We cannot exclude with absolute certainty that under 
dilferent experimenta l conditions, e.g., increased dose, m ultiple 
injections, o r different times of appli cation, injection of TNF-a 
cou ld induce sunburn cells. However, it appears much more likely 
that add itional factors cou ld be involved . It has been clearly 
dem onstrated that upon exposure to UVB light, keratinocytes 
release a variety of cytokin es [32], w lu ch also may contribute to the 
formation of sunburn cells. Moreover, we are currently addressing 
the effects of UVB light on other pathways that play an important 
role in the activation of apoptosis. Of particu lar iJltere st in this 
respect is the ef1:ect of UVB light on the expression of the 
Fas-antigen , which indu ces apoptosis [33], and on BCL-2, which 
preve nts activation of the cell-suicide program [34] . 
The present study demonstrates that TNF-a appears to be 
involved in UVB-m ediated apoptosis, but is not sufficient by itself 
to induce the formation of sunburn celJs. Therefore, th is study 
supports the concept that UVB-induced apoptosis and formation of 
sunburn cell s is a multifactoria l event. 
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